The present study was conducted to evaluate the protective effect of dietary boric acid supplementation on the development of incidence and severity of footpad dermatitis (FPD) in broiler chickens subjected to normal or high stocking densities (NSD or HSD). A total of 576 1-day-old ROSS 308 broiler chickens were randomly allocated to 4 treatments (8 replicate pens per treatment) in a 2 × 2 factorial arrangement of dietary boric acid (0 and 60 mg/kg) and stocking density (NSD 14 birds/m 2 and HSD 22 birds/m 2 ). Basal diets were formulated for starter, grower, and finisher phases. Growth performance, litter quality (litter pH, moisture, temperature, and NH 3 volatilization), serum and litter boron levels, and incidence and severity of FPD were recorded. The HSD affected the body weight gain and feed intake of broiler chickens during all phases and 0 to 42 (P < 0.05), whereas feed conversion ratio (FCR) was poor at 0 to 21 days only. Dietary boric acid had no effect on the growth performance of broiler chickens. Litter pH, moisture, and NH 3 volatilization were higher in broiler chickens subjected to HSD (P < 0.05). Thus, the incidence and severity of FPD increased in response to HSD (P < 0.05). Dietary boric acid reduced the litter pH and NH 3 volatilization on day 42 of experiment (P < 0.05). However, dietary boric acid supplementation had no effect on the incidence and severity of FPD. Boric acid supplementation in broiler diets increased the serum and litter boron levels at day 42 in broiler chickens subjected to NSD or HSD (P < 0.05). In conclusion, HSD resulted in poor growth performance, litter quality, and greater incidence and severity of FPD in broiler chickens. Dietary boric acid was ineffective against FPD in broiler chickens although it improved the litter quality by lowering the litter pH and NH 3 volatilization.
INTRODUCTION
High stocking density (HSD) has become a point of concern from broiler welfare perspective in recent years. The HSD is one of the predisposing factors involved in the development of footpad dermatitis (FPD) in poultry (Shepherd and Fairchild, 2010) which is not only important from economic point of concern, but has become animal welfare, food safety, and product quality issue as well. Increasing the stocking density results in beneficial economic impact provided it does not go beyond an optimum range of 34 to 40 kg/m However, HSD causes severe deterioration of litter quality in poultry houses that affects leg health resulting in FPD in poultry. In the past, different strategies have been adopted to prevent and treat the FPD in broilers. These strategies involve interventions of dietary levels of methionine (Chavez and Kratzer, 1972) , biotin (Mayne et al., 2007a; Cengiz et al., 2012a) , sodium (Cengiz et al., 2012b) , zinc (Cengiz et al., 2014) , protein source (Cengiz et al., 2013) , bedding type (Cengiz et al., 2011) , and the supplementation of exogenous enzymes (Cengiz et al., 2012c,d) . However, these manipulations have been unsuccessful to completely ameliorate or prevent the broilers from occurrence of FPD. Consequently, researchers have necessitated developing alternative solutions in order to overcome this problem. It is well known that increased litter ammonia (NH 3 ) increases litter pH that makes the litter caustic in nature, therefore, associated with poor foot health and FPD in poultry (Mayne et al., 2007b) . Litter amendments can be helpful in the prevention of FPD in broilers. Boric acid possesses the ability to absorb NH 3 (Siemer, 1986) , thereby it can reduce NH 3 volatilization from litter in poultry houses. Conversely, dietary boric acid can reduce the litter pH, which, in turn, can help to prevent the incidence and reduce the severity of FPD in broilers. Therefore, an experiment was conducted to evaluate the litter quality improvement and reduction of incidence and severity of FPD by dietary supplementation of boric acid in broilers subjected to normal stocking density (NSD) or HSD. To the best of our knowledge, no such report is available in literature that describes the use of supplemental dietary boric acid to improve the litter quality, and footpad health in broilers. The aim of the present study was to investigate the effect of dietary boric acid on growth performance, litter quality, serum and litter boron levels, and incidence and severity of FPD in broilers subjected to NSD or HSD.
MATERIALS AND METHODS
The study was conducted at Poultry Research Unit of Faculty of Veterinary Medicine, Adnan Menderes University, Aydın, Turkey, with prior approval from the animal care and use committee of the university (approval letter no. 050.04/2012/007).
Study Design and Experimental Groups
The study was conducted as a completely randomized design in a 2 × 2 factorial arrangement of dietary boric acid supplementation (0 and 60 mg/kg of diet) and stocking density (14 and 22 birds/m 2 ). A total of 576 1-day-old male broiler chicks of Ross 308 strain were randomly allocated to 4 experimental groups, each comprising of 8 replicate pens adjustable at the front. Sixteen replicate pens were subjected to HSD, whereas remaining replicate pens were subjected to NSD. Corn/soybean meal-based basal diets were formulated for starter (days 0 to 10), grower (days 11 to 24), and finisher (days 25 to 42) phases of broilers in accordance with the recommendations of NRC (1994) to meet or exceed the nutrient requirements of broilers (Table 1) . Two experimental groups subjected to NSD and HSD were fed basal diets. Other experimental groups (NSD and HSD) were fed basal diets supplemented with boric acid (containing 17.5% boron) at 60 mg per kg of diet. The experimental groups have been presented in Table 2 .
Management of Birds
A total of 32 replicate pens were established in the experimental rooms. Initially, each replicate pen sized • C before the arrival of chicks. Oneday-old male broilers were purchased from a commercial hatchery (Egetav Tavukçuluk San. ve Tic. A.Ş., Izmir, Turkey). The groups subjected to HSD received 22 chicks per replicate pen, whereas those subjected to NSD received 14 chicks per replicate pen. The experiment lasted for 42 d. Birds had ad libitum access to feed and water throughout the experiment. Metal feeders (50 × 8 cm; 0.04 m 2 ) were used during the starter phase (day 0 to 10) and tube feeders (r = 40 cm; 0.1256 m 2 ) were used afterwards (day 11 to 42). Each pen was provided with one feeder. Water was supplied to each pen using nipple drinkers in each pen. The number of feeders and drinkers per pen remained unchanged throughout the experiment. Fluorescence lights were used to lit the experimental rooms during the dark periods of the day (which provided light period of 23L:1D). A constant temperature of 33
• C was maintained at days 0 to 7 of the experiment. Later, 3
• C was reduced per week until a constant temperature of 24
• C was achieved that was maintained to the end of the experiment.
Chemical Analysis of Feed
Feed samples were oven-dried at 105
• C for 8 h to estimate the dry matter content of basal diets. Kjeldahl method was used for the estimation of nitrogen (N) content, and crude protein was calculated as N × 6.25. Soxhlet extraction technique was used for ether extract estimation. Van Soest method was employed to determine the neutral detergent fiber content of basal diets (Van Soest et al., 1991) . Feed samples were burnt in muffle furnace at 600
• C for crude ash estimation. Nitrogen-free extract was calculated by subtracting crude protein, ether extract, neutral detergent fiber, and crude ash from dry matter content of the diet. Calcium (Ca) content of basal diets was determined following the wet ash digestion method using nitric and perchloric acids (AOAC, 2000; Method 935.13). Phosphorus (P) content of diets was estimated according to the alkalimetric ammonium molybdophosphate method (AOAC, 2000; Method 964.06).
Growth Performance
Birds were weighed weekly on per pen basis. The weight of dead bird was also recorded. Feed intake was recorded weekly by the difference between amount of feed offered and amount of feed not consumed. Body weight (BW) gain and feed intake per pen were calculated for the periods 0 to 21, 21 to 42, and 0 to 42 days. BW gain was calculated by adjusting the weight of dead birds (if any) in the pen weight of that pen during the specific phase. Feed conversion ratio (FCR) was calculated using the formula of ratio between feed intake and BW gained.
Litter Quality
Litter quality was measured in terms of litter quality variables such as pH, moisture, temperature, NH 3 volatilization. For this purpose, approximately 100 g litter samples were collected in plastic bags from each pen at the time of commencement of experiment (initial) and at the end of experiment (final). Each sample was collected from different localities within a pen e.g., near the drinkers, around the feeder, and the corners. The sample was mixed thoroughly to homogenize in order to avoid variability.
Litter pH was measured by mixing 100 mL of distilled water in 10 g of homogenized sample. The mixture was agitated for 5 min and suspended for 30 min. A portable waterproof pH meter (Model: HI 9124, Hanna Instruments Inc., RI) was inserted into the agitated mixture. Reading was taken upon the stability of pH value on the meter.
Litter moisture was determined by drying the 80 g of homogenized sample at 105
• C for 24 h in a hot air oven. The samples were weighed after drying. The difference between initial and final samples was taken as litter moisture and presented as a percentage.
Litter temperature was measured in each pen at 3 different sites (near feeder, around drinker, and near the bird's resting place within the pen) with the help of a digital probe thermometer (TFA Dostmann GmbH + Co. KG, Germany). Probe of the thermometer was inserted 2 to 3 cm deep in to the litter of each pen. The reading was taken when the temperature became stable.
The NH 3 volatilization was measured above 20 cm from the surface level of litter in each pen. Dräger NH 3 meter (Dräger Pac 7000, Dräger Safety AG and Co. KGaA, Luebeck, Germany) was used with the chips sensitivity ranging from 0.2 to 5 ppm, 2 to 50 ppm, and 10 to 150 ppm NH 3 level.
Feed, Serum, and Litter Boron Levels
Boron content of the diets was determined using inductively coupled plasma optical emission spectrometry (ICP-OES). Briefly, 0.3 g feed sample was subjected to wet digestion with 8 mL 65% nitric acid and 2 mL 37% hydrochloric acid in a sealing vessel at 180
• C in a specialized microwave for 20 min. Blood samples (10 mL) were collected from caudal tibial vein of one bird from each pen on 28 and 42 d of the experiment by inserting sterile syringe (needle 22-gauge, 1-inch length) at a shallow angle. Blood samples were processed for serum separation in a centrifuge (NF 200 Bench-Top Centrifuge, NÜVE, Ankara, Turkey), immediately after clotting of blood samples. Serum boron level was measured using ICP-OES. A known quantity of serum (2 mL) was mixed with 5 mL 65% nitric acid and 2 mL 35% hydrogen peroxide in a sealing vessel that was placed in a specialized microwave (MARS 6 One Touch Microwave Reaction System, CEM Corporation, Matthews, NC) at 200
• C for digestion for 15 min. At the end of experiment, litter samples for boron analysis collected from each pen were dried at 60
• C for 72 h and 0.2 g dried litter sample was mixed with 10 mL 65% nitric acid in a sealing vessel that was placed in a specialized microwave at 180
• C for digestion for 20 min. The digested samples of feed, serum, and litter were cooled, filtered in flask, and diluted to 25 mL by adding deionized water for analysis in ICP-OES spectrometer.
FPD Scoring
On 14, 28, and 42 days of experiment, all birds were subjected to 3-point FPD scoring according to the method previously described by Bilgili et al. (2006) . Briefly, footpads without any lesion were scored as 0, footpads with lesion size ≤7.5 mm were scored as 1, and those with lesion size >7.5 mm were scored as 2. 
Statistical Analysis
The data were analyzed using a statistical software package SPSS (version 22.0 Armonk, NY) to assess the effect of dietary boric acid on performance, litter quality, serum and litter boron levels, and incidence and severity of FPD in broilers subjected to NSD or HSD.
Non-normalized parameters were tested with the help of Kruskal-Wallis test and transformed using logarithmic or square root transformation method. The percentage data (FPD score) were transformed to arcsine values before analysis, however, presented in percentage in the results. Two-way analysis of variance was applied in GLM procedures of SPSS. Confidence interval of 95% (P-value < 0.05) was considered as significant for interactions and main effects. The interaction means were differentiated using Tukey's HSD as post hoc test in case of significant interactions.
RESULTS
The study revealed that there was no interaction between stocking density and dietary boric acid supplementation for growth performance of broilers (Table 3) . HSD reduced (P < 0.05) the BW gain and feed intake at 0 to 21, 21 to 42, and 0 to 42 days in broilers compared to those subjected to NSD. FCR of broilers subjected to HSD improved at 0 to 21 days as compared to those reared under NSD (P < 0.05). There was a numerical difference that approached significance in FCR of broilers at 21 to 42 days in response to HSD compared to NSD (P = 0.06). Dietary boric acid supplementation had no significant effect (P > 0.05) on BW gain, feed intake, and FCR of broilers in comparison with those fed diets without boric acid.
Although the interaction was not significant between stocking density and dietary boric acid supplementation, dietary boric acid supplementation lowered (P = 0.057) NH 3 volatilization in broilers subjected to NSD or HSD (Table 4) . There was no difference in litter pH, moisture, and temperature at day 0 in either group subjected to stocking density (HSD or NSD) or fed dietary boric acid supplementation (0 or 60 mg/kg). However, litter pH and moisture increased at the end of experiment (day 42) in groups subjected to HSD compared to NSD (P < 0.05). An increase in NH 3 volatilization was observed at 28 and 42 days of experiment in groups reared under HSD in comparison with those under NSD (P < 0.05). Dietary boric acid supplementation reduced the litter pH and NH 3 volatilization on day 42 of experiment in comparison with those fed diets without boric acid supplementation (P < 0.05). Litter temperature remained unaffected irrespective of the treatments.
No interaction was noted between stocking density and dietary boric acid supplementation for serum boron levels at day 28 of the experiment (Table 5) . However, significant interaction was observed for serum and litter boron levels (P < 0.05) at the end of the experiment (day 42). While dietary boric acid supplementation increased serum boron levels in birds placed at NSD (P < 0.05), it had no effect on those placed at HSD. Similarly, broilers subjected to NSD and HSD fed diets supplemented with boric acid had higher (P < 0.05) litter boron levels in comparison with those fed diets without supplementation placed at NSD or HSD.
There was no interaction between stocking density and dietary boric acid supplementation for incidence and severity of FPD in broilers (Table 6 ). Broilers Table 3 . Body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) of broilers subjected to normal or high stocking density fed dietary boric acid. 2 ). n: Number of replicates (n = 8). subjected to HSD had greater incidence and severity of FPD at days 14 (P = 0.05 for score 0, P = 0.06 for score 1, and P < 0.05 for total score), 28, and 42 (P < 0.05) in comparison with those placed at NSD. Dietary boric acid supplementation had no effect on the incidence and severity of FPD in broilers compared to those fed diets without boric acid supplementation.
DISCUSSION

Growth Performance
Several studies have reported that HSD is associated with lower growth performance of broilers in terms of BW gain, feed intake, and FCR (Puron et al., 1995; Feddes et conformity with those observed in the present study. HSD creates hindrance, not letting the broilers to move freely, therefore, confining the mobility of birds to a constrained area of the pen. Consequently, the birds subjected to HSD may not have easier access to feeders and drinkers compared to those placed at NSD that leads to lowered feed and water intake. This may result in poorer performance of broilers although it might not be the case in the starter phase attributed to less space requirements and relatively smaller size of the chicks (Cengiz et al., 2015) . However, HSD may affect the behavior of broilers toward feed intake in the starter phase as the age progresses and increasing physiological stress. Feddes et al. (2002) reported that poor growth performance is attributed to the difficulty in exchange of heat and gases within the microclimate of broilers subjected to HSD. Puron et al. (1995) demonstrated an inverse relationship between growth performance of broilers and HSD beyond a threshold. Therefore, growth performance was negatively affected in broilers subjected to HSD in comparison with those reared under NSD. Other possible explanations in support of declined growth performance in broilers subjected to HSD may be the disruption in gut microbiota that helps in digestion, absorption of nutrients, and improvement of intestinal microarchitecture by reducing the pathogenic bacterial populations (Biswas et al., 1999; Bedford and Apajalathi, 2001; Lázaro et al., 2003; Józefiak et al., 2004; Guardia et al., 2011) . In addition, HSD may be associated with the surge in airborne pathogens (Sauter et al., 1981) probably due to reduced removal of dust (Banhazi et al., 2008) , a possible cause of poor growth performance of broilers reared under HSD.
There are contrasting results reported by different researchers in the past. In the present study, dietary boric acid supplementation had no effect on growth performance of broilers. These results are in agreement Table 6 . Incidence and severity of FPD in broilers subjected to normal or high stocking density fed dietary boric acid. 0m g / k g 9 9 0 1 1 6 7 1 6 1 7 3 3 6 7 2 6 7 3 3 6 0m g / k g 9 7 3 0 3 7 0 1 7 1 3 3 0 7 0 2 4 6 3 0 Pooled SEM with those of Yıldız et al. (2013) and Eliot and Edwards (1992) , who reported no effect of dietary boric acid on growth performance of broilers. However, other studies have reported an increase in BW of broilers following the inclusion dietary boron (Kurtoglu et al., 2001; Fassani et al., 2004; Ç ınar et al., 2015) . In contrast, some studies have reported that dietary boric acid supplementation enhanced the growth performance of broilers (Bai and Hunt, 1996; Bozkurt et al., 2012; Küçükyilmaz et al., 2017) . The evaluation of difference in results is difficult. It might be attributed to the differences in research protocol, breed, age, composition of diet, and nutritive value of feeds.
Litter Quality
It is known that HSD quickly deteriorates the quality of litter by increasing the litter moisture, pH, and NH 3 volatilization (Sorensen et al., 2000; Dozier et al., 2006; Ravindran et al., 2006; Estevez, 2007; Petek et al., 2014; Kang et al., 2016) . High litter moisture helps the microbial growth in the litter and increased microbial activity in the moist litter is a substantial factor in NH 3 volatilization (Al-Homidan et al., 2003) thereby increasing the litter pH. It is also evident from litter pH and NH 3 volatilization results of our study. In contrast, a recent study reported that gradual increase in stocking density from 16 to 22 birds/m 2 had no effect on litter moisture, pH, and NH 3 volatilization (Farhadi et al., 2016) . Similarly, Zhang et al. (2011) reported no difference in litter pH of broilers subjected to gradual increase in stocking density from 12 to 20 birds/m 2 (12, 16, and 20 birds/m 2 ). This is the first report describing the effect of dietary boric acid supplementation on litter quality of broilers subjected to NSD or HSD. As anticipated, the supplementation of boric acid in broiler diets reduced the litter pH and NH 3 volatilization at day 42 of experiment. In addition, it had no effect on litter moisture. The exact mechanism by which dietary boric acid supplementation reduced the litter pH is not known yet. Most probably, this might be due to the acidic nature of boric acid or boron excreted by the broilers in groups fed dietary boric acid at 60 mg/kg that reduced the litter pH. The explained notion is evident from the increased litter boron levels of broilers fed diets supplemented with boric acid. Moreover, dietary boric acid reduced NH 3 volatilization in broilers subjected to NSD or HSD. The NH 3 volatilization usually occurs due to microbial decomposition of nitrogen containing compounds (uric acid and urates) in poultry litter. This NH 3 is available either as free NH 3 or as ammonium ion (NH 4 + ) that depends on litter pH. Alkaline pH (pH > 7) favors the decomposition of uric acid. At a litter pH increasing above 8.5, ureolytic bacteria proliferate at a substantial rate and release of uricase enzyme (an enzyme that catalyzes the decomposition of uric acid) rises, which is associated with greater NH 3 liberation. The activity of uricase enzyme reaches to its maximum at a pH of 9. Therefore, it seems that reduced litter NH 3 volatilization in broilers fed supplemental dietary boric acid might be attributed to reduced litter pH. In addition, boric acid is a good absorbent of NH 3 (Siemer, 1986 ) that has its application in animal nutrition in Kjeldahl method for crude protein estimation in feeds to trap NH 3 . This may further reduce NH 3 volatilization from the litter of broiler chickens fed diets supplemented with boric acid.
Serum and Litter Boron Levels
Dietary boric acid supplementation increased the serum and litter boron levels in broilers subjected to NSD or HSD on day 42. No literature is available describing the effect of dietary boric acid supplementation on serum and litter boron levels of broilers under NSD or HSD. As expected, dietary boron levels increased in broilers subjected to NSD or HSD compared to those fed unsupplemented diets and subjected to NSD or HSD. Serum and litter boron levels were highest in broiler chickens fed boric acid supplemented diets and subjected to NSD followed by those subjected to HSD. Eren et al. (2012) reported a dose-dependent increase in serum boron levels in broilers following the consumption of diets supplemented with 0, 500, 750, and 1,000 mg/kg boric acid. The exact mechanism by which dietary boric acid increased the serum and litter boron levels is not known. This might be attributed to increased boron metabolism that increased the bioavailability of boron in broiler chickens fed boric acid supplemented diets either under NSD or HSD compared to those fed diets without boric acid. Similarly, the increased litter boron levels might be due to the excretion of indigested and excessive boron, boric acid, or its salts through feces in broilers fed boric acid supplemented diets. At present, it is not clear in what form boron is excreted; however, it is assumed that boron salts might be excreted by broilers into the litter. However, broilers subjected to HSD had comparatively lower serum and litter boron levels in comparison with the corresponding groups. The exact mechanism of reduced litter boron levels in broilers subjected to HSD is not known. Apparently, it seems that lowered feed intake in broilers subjected to HSD might have reduced the bioavailability and excretion of boron. In addition, it may be assumed that HSD poses severe physiological stress in broiler chickens that might have affected the metabolism and excretion of boron resulting in lowered serum and litter boron levels.
Incidence and Severity of FPD
The present study revealed that HSD increased the incidence and severity of FPD in broilers. et al., 2008b) . However, there are contrasting views of scientists regarding the effective stocking density for the development of FPD. According to Dawkins et al. (2004) , leg health issues arise at or beyond the stocking density of 42 kg/m 2 . On the other hand, Buijs et al. (2009) reported that development of FPD started at a stocking density of 56 kg/m 2 . In contrast, some other studies have demonstrated little or no association between HSD and FPD development in poultry (Martenchar et al., 2002; Sirri et al., 2007; Meluzzi et al., 2008a) . The development of FPD occurs due to sudden onset of deterioration in the quality of litter. Higher stocking densities increase the water intake per bird that results in watery feces thereby increasing the litter moisture (Feddes et al., 2002; Bessei, 2006) . Mayne et al. (2007b) reported that litter moisture level <30% is optimal for maintenance of footpad health in broilers. Apparently, it seems to happen in the present study as HSD increased the litter moisture (>30%) along with litter pH and NH 3 volatilization. Consequently, the incidence and severity of FPD greatly increased in broilers in response to HSD.
No literature is available describing the effect of dietary boric acid supplementation on the incidence and severity of FPD in broilers. Despite the fact that dietary boric acid supplementation reduced litter pH and NH 3 volatilization, it had no effect on the incidence and severity of FPD in the present study. This might be due to the absence of any difference in litter moisture of broilers fed diets with or without boric acid supplementation. Mayne et al. (2007b) reported that litter moisture alone is sufficient to initiate the development of FPD to a significant extent provided the litter moisture is more than 30%. In the present study, the litter moisture remained lower than 30% and there was no difference in the litter moisture between the groups fed diets with and without boric acid supplementation which explains the possible ineffectiveness of dietary boric acid against the development of FPD in the present study.
CONCLUSIONS
The present study showed that dietary boric acid supplementation in broilers subjected to NSD or HSD had no effect on growth performance, litter quality, and incidence and severity of FPD. However, it increased the serum and litter boron levels in broilers subjected to either stocking densities i.e., NSD or HSD. As expected, HSD resulted in poor growth performance, litter quality, and higher incidence and severity of FPD in broilers. Moreover, dietary boric acid reduced the litter pH and NH 3 volatilization to a significant extent along with no interactions between boric acid supplementation and stocking density. Therefore, it appears that higher boric acid inclusion levels may be required to further improve the litter quality in terms of pH and NH 3 volatilization. Nonetheless, higher inclusion levels may be practiced with the caution of boron toxicity that requires further investigation. Alternatively, application of boric acid directly to the litter may be taken into consideration as a litter amendment technique to reduce the incidence and severity of FPD in poultry that is only possible after further research.
